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MUTAGENIC AND CARCINOGENIC POTENCY'
OF EXTRACTS OF DIESEL AND RELATED
ENVIRONMENTAL EMISSIONS:

SUMMARY AND DISCUSSION OF THE RESULTS

- Stephen Mesnow and Joellen Lewtas

He 2ith Effects Research Laboratory, U S. Environmental Protectm Agency Research Tnangle Park
North Carohna 27711, USA . . .

The proposed convension from gasoline powerad automobiles to dicsel powered vehictes has prompted the
Environmenmal Protevtion Agency to cvaluate the potential health effects associated with exposure (o,
diesel emisaions, At present, there is no direct epidentiological link between this exposure and human
health. Therefore, a research program was constructed 10 compure the health effects associated with dieset
cmssions with those from other emission sources for which epidemiological information was available.
The emission sourves chosen were cigarette smoke, roofing tar,.and coke oven. An additional comparative
cenission souree which was evatluated was a gasoline catalyst engine. Respirabts particles from o vuriety of
cvombustion sources hive the potential of being carcinogenic and mutagenic. The objective of these studics
was to deterrnine the relative biological activity of the organic material adsorbed on these particles in both
m vitro mutageness and in cire and 1 civo caranogenesis bioassays, The organic exiracts from the
following, series of emission sources were quantitatively bioasszyed in a matrix of tests for their
carcinogenic and mulag«nic activity: (1) a light-duty Oldsmobile diesel 350 engine: (1) a heavy-duty
Caterpallar diese! engine: (3) a llg,hl duty Nissan cngine: () a Volkswagen Rabbit diesel engine: %
" cigaretie smoke: (6) ronfing tar, (7) coke even; and (%) a gasoline catalyst Mustang. The ‘test matrix

consisted of the following bioassays! reverse mutation in Salmenelly nphmu.rmm. mitotic recomhination

in Succharortyces cerevisige; DNA dJamage in Syrion hamster embryo eclls (SHE): sister chromatid
exchange in CHO celis; geae mutation in L517KY mouse lvmphoma cells, Balb /¢ 3TY mouse embivo
fihroblasts and CHO cells; viral enhancement of SHE ceils: unmgcnic transformation in Balb /¢ 3T)
cells: and skin tumor initiation in SENCAR and €57 black mice. The rc\ulh of this test m.unx are
discussed.
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mutagenic (Waters ef al.,
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1979). The objective of these

The proposed conversion from gasolmc powered auto-
mobiles to diescl powered vehicles has prompted the
Environmental Protection Agency to evaluate the poten-
tial health effects associated with exposure to diesel
emissions {Ember, 1979). At present, there is no direct
cpidemiological link between this exposure and human

health (EPA, 1978). Therefore, a rescarch program was -

constructe] 1o compare the health -effects associated
wity .diescl emissions with the ¢ from other emission
sourses for which epidemiological information was
availatie, The emission sources chosen were cigaretle
smoke, ronfing tar, and coke ovén. An additionat com-
pa.alwe emission source which was evaluated was a
- gasciine gatalyst vehicle. _

Respizable pariicies from a variety of comhusuon
sources have the potential of being carcinogenic and
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studies was 10 determine the relative biological activity
of the organic material adsorbed on these particles in

both in vitro and in ¢ivo mutagenesis and carcinogenesis
bioassays. The organic extracts from the (ollowing series
of emission sources were quantitatively bioassayed in a
matrix of tests for thetr carcinogenic and mutagenic
activity: (1) a light-duty Oldsmobile diesel 350 engine, -
(2) a hcavy-duty Caterpillar 3304 diesel engine, (3) a
light-duty Datsun Nissan 220C engine, (4) a' Volkswa-
gen turbocharged Rabbit diesel engine. (5) cigarette
smoke, (6) roofmg tar, (7) coke oven, and (8) an un-
leaded -gasoline cafalyst Mustang 1l. The collection,

characterization, and description of these samplo.s are
described by Lewtas er al. (1981).

The test matrix consisted of the following bioassays:

reverse mutation in Salmionella typhimurium; mitotic
recombination - in Saccharomyces cerevisiae, DNA
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chromatid exchange in Chinese hamster ovary (CHO)
cells; gene mutation in L5178Y mouse lymphoma cells,
Batb /¢ 3T3 mouse embryo fibroblasts, and CHO cells;
viral enhancement in SHE cells: oncogenic transforma-
ticn in Balb/c 3T3 cells; and skin turaor initiation in
SENCAR and C57 black mice.

The potency of complex mixtures of organic com-

pounds in biological systems will depend on the uptake,
distribution, metabolism, and binding of each compo-_

nent of the mixture in each biological system: the specific
biological endpoint (e.g.. gene mutation); the sensitivity
of cach biological systein to the individual comporents

of the mixture; the possible interactiens, both synergis- -

tic and antagonistic, which arise from the exposure 0
multiple agents; and the type of quantitative- method

which is applied to the data. Differences in these param- -

eters will result in altered potency,

Aware of these problems and shortcomings, we have
attempted to correlate biological end effects from a
variety of carcinogencsis and mutagencsis bioassays with
the nature or source of a series of combustion sumples.
The purpose of this comparative study is.to cvaluate
each of the /n vitro bioassay systems in comparison with
cach other and with the in vivo system. This paper will
summarize and discuss the results of the bioassays re-
poried in the session on the Mutagenic and Carcino-
genic Potency of Extracts of Diesel and Related En-
vironmental Emissions (Claxton, 1981; Mitchell er al..
1981; Casto et al.. 1981 Curren et al.. 1981: Slaga et al..
198}).

Results and Discussion .

Quantitation method )

General procedures. The method for relating effect with
dose depends on the bioassay being considered. The
bacterial mutation system of Ames (AMES), the sister
chromatid exchange bioassay in Chinese hamster ovary
cells (SCE). the mammalian cell mutagenesis bioassay in

L5178Y mouse lymphoma cells, (L5178Y) and the mouse.
skin tumor initiation bicassay (TUMOR INITIAT) gave .

good dose-response relationships and the slope of the
linear portion of the dose response curve was chosen for
potency estimation (Table 1). The Balb /¢ 3T3 mutagen-
esis and oncogenic transformation iioassays (BALB)
did not give good dose response with the samples tested
and doses chosen. A quantitation method was therefore
applicd which utilized the Jowest effective.concentration

te“ted (LECT) which exerted a biological response. It is -

to be emphasized; however, that with pure agents and
more closely spaced doses the Balb assay does respond
in a dose-related fashion. The viral enhancement bioas-
say in Syrian "hamster embryo cells (VIRAL EN-
HANCE) gave dose related response information in
terms of absolute frequency but for comparison to the

breakage in Syrian hamster embryo cells (SHE); sister -

. Stephen Nesnow-and Jocllen Lewtas .

* Tablé 1. Comparative potency: Quantitation method.

Mutagenesis Carcinogenesis
VIRAL TUMOR

Bioassays: AMES  SCE 'L5S178Y BALB ENHANCE BALB INITIAT

-Quanti-
tation

Mcthod:  Slope  Slope  Slope  LECT  LECT  LECT  Slope

LECT = Lowest cffective concentration tested.

. Stope = Slope of the lincar portion of the dose-response curve.

Balb sysiem and due to the kind of statistics applied to
the assay, the LECT method was chosen. 1t is possible
that the two methods. slope and LECT. when applied to
the same data could give dissimilar relative rankings.
Bioassay results in Saccharomyces cerevisiae. DNA
damage in SHE cells, gene mutation in CHO cells, and

-skin tumor initiation in C57 black mice were not miilized

in this analysis due to marginal resalts.

Normalization of data. In order 1o reduce or normalize
the potencies in the bioassays to a common denomina-
tor, the following system was applied: the activity of the
Nissan_ diesel sample regardless of bioassay tyne or .

quantitation method used was given a value of 100. Al
the results of other emission samples were then related

to the Nissan sample. For example, in the Ames bioas-

say, Strain TA-98 less metabolic activation, the potency

of Nissan and Oldsmotile by the slope .method was.
1225 and 615 revertants/ 100 pg. respectively. Assuming
the Nissan potency equals 100 by simple mathematical
relationship. the Oldsmobile sample equals 50 or one-half
the potency of the Nissan sample. In the case of a LECT

- potency, the inverse refationship is applied. For example
if the LECT for Nissan is 75 pg/ml and that for Cat is
-300 pg/ml. assuming Nissan equals 100, then Cat equals

75/300:<100 or 25, one-quarter the potency of the
Nissan sample. Using this kind of analysis, the absolute
data was converted 10 normalized values. The réason the
Nissan was chosen as the sample to normalize 10 was
that it was the only diesel sample tested in all bioassays
which gave positive results.

Comparalivé rankings - .

Gene mutation assays. A comparison of the test results of
the cight samples plus the positive control in the three
gene mutation assays is found in Table 2. The three gene
mutation assays compared were Ames strain TA-98,
L5178Y at the TK*/~ locus, and BALB 3T3 at the .
ATPase locus. Each system” was performed without

-(—~MA) and with (+ MA) metabolic activation which

consisted -of an Aroclor-1254 induced rat hepatic S-9.
The emission samples were previously described and are
abbreviated as Cat for heavy duty Caterpillar; Nissan:
Olds for Oldsmobile 350; VW Rabbit for the

.turbocharged diesel Rabbit; -Mustang for ‘the unleaded

catalyst gasoline engine; cigarette for standard cigarette
smoke condensate; voke for coke oven emissions; Roof -
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= Table 2. C‘omp‘iualli'vc rankings: Gene mulalibn'a.'isays: : " A e “Table 3 ('orh;iara!ivé rankingg: DNA damage .xssay
AMES* L-S178Y®  BALB/3T¥ SCE (CHOY*
Sample ~MA +MA* ~MA +MA —MA +MA Sample -MA +MA"

Dieset: Cat 54 43 16 I 52 Dicsel: . Cat. - 4 T
Nissan 100 100 100 300 100 100 . Nissan - 100 100
Olds 50 23 58 64 94 A8 Olds 0 .0
VWRab 33 2 21 S0 1 1 VWPRab - 30 50

Gasoline:  Mustang 11 25 |32 36 300 7500 Gasoline: Mustang, 29 1€

Comparative ) ' Comparative : ) .

Sources:  Cigarctte 0 7.4 .2 300 300 Souices: Cigarette 47 -0
Coke 13 I8 26 339 300 IS Coke m ']
Roof Tar 0 7 16 850 150 7500 - Roof Tar N 29

Standards: ' Standards: Ba)P 0 %0 -

B(u)P o 112 0 189
MNNG

25000

*Salmonella 0y phmmnum strain TA-98. :

bL-5178Y mouse lymphoma cells {TK /™ locu\)

SBALB 3T3 mouse embryo fibroblasts (ATPase locus),
4Mctabolic activation by an Aroclor-1254 induced rat hepatic S-9.
“Testing incomplete at this time.

Tar for roofing tar emissions: B(a)P for bénzo{a)pyrene:
and MNNG for N-methy!l-N'-nitro-N-nitrosoguanidine.

The Nissan, as per our definition, has a value of 100
in all assays. Both the Ames and lymphoma assav
(without activation) show the same relative potency

within the diesel samples with Nissan>Olds> Rabbit> -

Cat. When the gasoline sample is included. the rankings
are: Ames: Nissan > Olds > Rabbit > Mustang > Cat;
inouse lymphoma: Nissan>Olds>Mustang>Rabbit>
Cat. Both of these ccll types lack the oxidative enzymes
required for the activation of mutagens or carcinogens.
The diesel and gasoline samples show primarily direct
acting activity. Balb 3T3 cells possess the enzymes re-
auired for the activation of carcinogens especially poly-
cyclic-aromatics (Curren et al.. 1981) and theréfore one
cannot conpare all these systems across the board and
expect similar results. Comparison of the thrae systems
with metabolic activation showed the relative ranking
(with some cxcepuom) to be: Nissan > Olds > Rabbit >
Cat.

The comparative sources sampks generally show more
metabolic activation dependence for maximal effect and
less quantitative correlation in the gene mutation assays.
DNA damage ussay. The mobile source samples tested
for sister chromatid exchange in CHO cells, without
activation, (Table 3) gave the following ranking: ansan
> Rabbit, Mustang »Cat, Olds.

In the presence of metabolic activation, the SC!:‘

results with the comparative sources ranked in similar
order with the mouse Iymphom.: results: roof tar>coke
>cigarette.

Oncogenic transformation. The results from assays which

relate to the transformation of cells in culture are found
in Table 4. Both of these systems were evaluated by the

*Sister chromatid exchange in Chinese hamster ovary cells.

. EMetabolic activation by an Aroclor-1254 induced rat h-.panc 59,
““Testing incomplete at this timr .

LECT method. The viral enhancement assay measures
the ability of a chemical to enhance viral transformation
in mammalian cells whilc the BALB assay measures the
ability of the chemical to directly transform mammalian
cells. SHE cells like BALB cells contain the cnzymes
needed for the metabolic.activation of carcinogens espe-
cially polycyclic aromatics (Casto et al.. 1981). At this
time not all the data points are complete in the Balb'3T3
assay. The mhobile source samples. presently rank for
viral enhancement in ‘the absence of metabolic activa-
tion: Nissan > Rabbit, Mustang » Cat, Qlds, while the
comparative samples rank: roof tar > coke > cigarette.
Mouse skin tumorigenesis. The results .obtained in the
SENCAR mousc skin tumorigenesis experiments for -
tumor initiators have bten compared at 14 weeks after

maum.nl (lmcnm score) for all lhc samples and at. 27

Table 4. Comparative rankings: Oncogenic. transformation assays.

. BALB 3T3
. Viral - - C
Sample Enhancement (SHE)  —~MA  +MA*

e Diesel:  © Cat ' 0 3y e
Nissan - . 100 ) 100 C100
ous - 0 19 0 -
VW Rab s NT® UNT

Gasoline: Mustang _ BT S 100 - 2000
Comparative ) .
-Soutues: Cigarette .~ 7 20 1 1
’ Coke . RO 10 1
Roof Tar - 1040 DR | - 500
" Swndards  Ba)P s0000 * S ()
MNNG 31250 K300 —

‘ ‘lMcluholic activation by an Aroclor-1254 induced rat hcpalic-SN

PNot tested.
“Tosting incomplete at this time.
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. fable 5. Compatitive rankings: SENCAR mouse skin tumorigenesis.

Skph;n Neshow and !o\llm Lc\\ Tay

" Table 7. Relative rankings of mobile source samiples.

Tumor Initiation

Intenm Score?. _Final Score

Sample v Ranking Pulcncy"" Poteney™

Dicel: . Cat ) [ I X (] LU
' Nissan 100 0258

Olds 45 0115 0.145

VW Rah N 1
Gasoline: Mustang s 0.09%
Comparative
Sources: Cigarette 0 000

Coke e 0

Roof Tar n 0.182
Standurds:  Ba)P 17900 - 462 76

*Interim score 14 weeks after ln.:umml
P Papillomas /mouu/mg,
“ Testing incomplete ar this time,

" weeks of treatment (final score) for three samples (Table

5). The interim score is represented here in both abso-
lute terms (papillomas /mouse /mg).and in.the normal-
ized rankings while the final scoring for comparison is
in abéolute terms. There are, ds expected. differences in

" the slope potencies from incomplete vs completed

experiments but those differences do not exceed 2-fold

in the Olds and B(a)P samples, The Cat and cigarette .
samples were negative in this assay system up to 10.000

pg/mouse. The lack of activity ol the cigarette smoke
condensate may be due in part to the method of sample

collection. This' sample is not an organic extract of

particles as are the other samples and is therefore com-

paratively much less coacentrated. This may explain the -
very low percentage. of - benzo(a )pyrene found -in the -

cigarctte smoke condensate sample (Table 6). The Olds,

Table 6. Correlation hetween organics and tumor mitiation,

Mouse Skin
Tuimor

Peccent Organic  ng B(aiP/

) ) Extractable . mg Ext.. Initiation*

Dicsel: ©. Cat IFT 0.00
- Nissan R N7 02k
Olds . v 2 oms.
VW Rab 18 I A

Gasoline:  Mustang 43 10 0w

. -Compamu'vg ’ .

Sources: Cigarette - == - K 0.00
Coke o1 . 478 0.307 -
Roof Tar >99 889 0.182

Standards:  B(a)P — . 100 . 462

'lnlcnm r.ore 14 weeks after treatment (papillomas/mousc/mg).
Ttsun A |nmmplclc at this time.

" Bicassay _ Rank Order | .
AMES® Nissan > Mustang. Olds. Rabbit » Cat .
LSI78Y? Nissan > Olds > Rabhit > Mustang
SCE* Nissan > Rabbit > Cat, Olds

Nissan > Mustang. Rabbit s Ca, O'd\
Nisaan > Olds > Mustang » Cat

Viral Enhadeement
Tumor lnitiation®

*In the presence of an Aroclor-1254 induced rat hepatic $-9.
®\Mouse skin tumor initiation in SENCAR Tnice 13 wetks after treat-
ment.

Mustang. and roofing tar activities were less than Nis-
san while the coke oven sample was slightly higher. The
ranking of tl¢ mobile source samplu was: \lm-nz

- Olds> Musl.mg » Cat.

A comparison of the amount of B(u)P per milligram

. extract and the potencies of those samples. as skin tumor.
“initiators is found’ in Table 6. There is linle corrclation’

observed. except for the Olds sample; between ng

'B(a)l’/mg extract and p.lplllomas/mouw/mg extract. .

.
Comparison across-test systems .
-The relative rankings of the mobile source samples

_are ‘listed - in. Table 7..These results are from those

bioassays purl’ormcd in the _presence of exogenous
tmuhollc.u.ln.umn .
There is a wns[sumv in lhuc rcsulls with the les.m'

“samplé the most’ potent and the Cat sample the. least
potent in all bioassays.

Thc. relative r.mkmgs ‘of the Lomp.mm\c source sam-
ples is found in Taublé 8. In three of five systems, the
identical rank order of -roof tar > coke >gigarette is
found. and in all five systemns, the cigarette sample was
the fcast potent. : :

The norrr..nlmd rankings for 7 bioassays, are com-

“pared in Table' 9: The resulty prcscmcd are from those

bioassays performed in. the presence .of - exogenous
metabolic activation including Ames, SCE., L5178Y. and
Balb-musagenesis and transformation. The: quantitative
tesults from the mobile source samples show a-general
overall consistency. Cat, a very weak sample in Ames is
inactive .in SCE, viral enhancement, Balb transférma-

-tion, and mouse skin tumor mnmuon “Olds, weak™in

Ames; LSI78Y Balb mutation, and mouse skin tumor
initiation is inactive in SCE. .viral -enhancement; and
BALB. transformation. In three of the four ass.nys for

Tahlc R. chlaln‘c rankings of camparative sourve samples.

Bioassay Rank Order
AMES? Coke > Roof Tar., Cigarette
LSITRY* Roof Tar > Coke > Cigarsette

- SCE* - Roof Tar > Coke * Cigaretle

Viral Enhancement

Roof Tar > Coke > Cigarcttr
Tumor Initiation”

Coke > Roof Tar » Cigarette

‘ln the prcscmc of an Aroclos-1254 induced rat hepatic S-9.
®Mousc skin tumor initiation in SENCAR mice 14 weeks after treat-
mcnl. -



quantitative results. The Mustang sample gave similar
results in Ames, LS178Y, and mouse skin tumor initia-
tion, while markedly dmnmnl.xr results were oblamcd in
the Balb assay. :

With the compar.mve source s.mplw there is litdle

agreement between the quantitative résults from these
bioassays with the exception of the roofing tar sample in' _

L5178Y, viral enhancement and Balb transformation.

In theory. gene mutation and skin tumor initiation
arise from similar one hit, single process, irreversible
mechanisms and should give similar results ossuming
~ equal
activation by the various cell types. A comparisos of the
results of the mobile source samples in- Asnes and
L5178Y gene mutation with those results in mouse skin
tumor initiation seem to support this hypothesis.

In conclusion, a series -of extracts from “Jdiesel and
gasoline emmission samples were evaluated in & battery. of

bioassays and a broad-gencral -agreement was found : |

among most of the bioassays. Similar experimentation

. with_the cigarette, cok¢ oven, and. roofing. tar-samples, -

produced dissimilar results.'Additional experimentation
and analysis will continue in “this .important arca of
eavironmental mutagenesis and carcinogenesis.

" Curren, R. D, Schechiman, L. M

toxicity and mutagen /carcinogen iransporl/'. g

Waters. M. D. Nesnow, S,
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Table 9. Comparative potency rankings. -
- -Mutagenesis - - ~Carcinogenesis -
R DTV VIRAL - TUMOR -
) ) ) AMES* -SCE* L-5178Y* BALB* ENHANCI -BALB* INITIAT™
Diesel: Cat’ 43 0 I 3 0 0 o
Nissan 100 100~ 100 100 100 100 100
- Olds 23 0 64 S8 0 0. 45
VWRab 22 50 50 NTY 50 NT 1
Gasoline: " Mustang 25 1 36 10 50 2000 3
Comp:na\i.vc B L R
Sources: Cigarette 7 0 21 30C 200 | 0
- Coke 18 44 © 339 s R00 R 119
Roof Tar 7 291 850 - 7500 1040 500 n
Standards:  Ba)' A1 1750 189 . 25000 50000 16700 17900
*1n the presence of an Aroclor- 1254 induced rat hepatic $-9.
*Mouse skin-tumor initiation in: SENCAR muc .ll'lu l-l \\cdw u[ Arcarment.
“Testing incomplete at lhx; time,
INot tested.
which test'data is available, SCE, L5178Y, and viral "~ References 7 ,
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